The hypothesis that signal transduction mediated by platelet-derived growth factor (PDGF) and angiotensin n (Ang II) is altered in vascular smooth muscle (VSM) cells from the spontaneously hypertensive rat (SHR) was tested by measuring changes in the cytosolic free calcium concentration ( 
]j) is a fundamental regulator of vascular smooth muscle (VSM) cell contraction 1 -3 as well as other cellular functions such as metabolic activity, gene expression, and cell division. 4 A large body of physiological and pharmacological data has accumulated during the past 15 years which indirectly suggests that intracellular calcium regulation is defective in the VSM of prehypertensive (<4 weeks old) and hypertensive (>8 weeks old) spontaneously hypertensive rats (SHRs) compared with Wistar-Kyoto (WKY) rats. 5 -7 Increased Ca 2+ influx through the membrane of SHR VSM cells has been demonstrated using 43 Ca fluxes and has been extensively reviewed. 8 -9 Recently, Aoki 10 has postulated that genetic hypertension (essential hypertension) develops and persists through defects in membrane calcium regulation in animals as well as in humans. However, direct demonstration of altered [Ca 2+ ]| regulation has been limited because of the technical difficulties inherent in the precise estimation of the temporal resolution of [Ca 2+ ]j in response to agonist stimulation.
In recent years, a few attempts have been made to quantitate [Ca 2+ ]| in cultured VSM cells as well as in muscle strips from WKY rats and SHRs using fura-2, indo 1, and nuclear magnetic resonance spectrosco-py 11-15 Thus, a few investigators have reported increased basal [Ca 2+ ]j levels in aortic strips of adult SHRs compared with WKY strips.
11
- 12 Similarly, aortic smooth muscle cells in primary culture and in subcultures up to the sixth passage had significantly greater basal [Ca 2+ ]j in SHRs compared with WKY rats at 8 weeks but not at 4 weeks of age. 13 On the other hand, Bukoski 14 ]i levels under resting and hormone-stimulated conditions in WKY and SHR VSM cells underscore the importance of additional studies on the precise quantitation and regulation of [Ca 2+ ], in WKY and SHR VSM cells in response to contractile and mitotic agonists. This information is crucial to understanding the cellular and molecular mechanisms underlying increased VSM cell reactivity and arterial wall thickening in hypertension.
Microscopic digital image analysis of fura-2-loaded single cells provides a useful technique to measure the changes in [Ca 2+ ]j in intact cells. 16 ], is predominantly due to calcium influx through cell membrane Ca 2+ channels, the Ang II-stimulated increase is primarily due to intracellular calcium release.
Methods

Animals
Male SHRs and WKY rats (7-8 weeks old) were obtained from Harlan Sprague Dawley, Inc., Indianapolis, Ind., at least 1 week before the experiment and were fed a standard pellet diet and water ad libitum. Blood pressure measurements using a tailcuff plethysmograph were performed.
Materials
Fura-2 pentapotassium salt "cell impermeant" and fura 2-AM "cell permeant" were purchased from Molecular Probes, Eugene, Ore. Fura 2-AM was dissolved in dimethyl sulfoxide at a concentration of 1 mg/ml (-1 mM) and stored at -20°C. Human recombinant PDGF BB homodimer was purchased from Upstate Biotechnology, Inc., Lake Placid, N.Y. Fetal bovine serum and all other cell culture media and reagents were obtained from Sigma Chemical Co., St. Louis, Mo.
Cell Culture
Aortic smooth muscle cells from 8-9-week-old WKY rats and SHRs were cultured by dispersion of the medial layer with collagenase and elastase according to published procedures. 1718 Typically, more than 75% of the cells obtained by this procedure were viable. WKY and SHR VSM cells were seeded at 1.5 -2 x 10 6 viable cells per T^ flask in a Dulbecco's modified Eagle's medium (DMEM)/high glucose medium containing 10% fetal bovine serum, 100 units/ml penicillin, 100 ;ug/ml streptomycin, and 2.5 Mg/ml fungizone. The medium was changed initially after 24 hours and then every 2-3 days. Cells became confluent in 7-12 days and were then subcultured using 0.25% trypsin in Ca and reached confluence in 5-6 days. In the studies described in this article, we have used primary cultures as well as cultured cells up to the 10th passage.
To ascertain whether cells cultured by these procedures were VSM cells, immunocytochemical localization of smooth muscle-specific a-actin was carried out using monoclonal antibodies raised against the NH 2 -terminal decapeptide of a-actin. Staining of cultured WKY and SHR VSM cells with this antibody revealed that all cells in the preparation were labeled, and actin stress fibers were seen throughout the cytosol. This would suggest that VSM cells isolated and cultured by these procedures are free from contamination with endothelial cells or fibroblasts.
] f was measured using fura-2 and a video microscopic digital image analysis system as described previously.
319
" 22 Batch and passage matched, sparsely seeded VSM cells from WKY and SHR aorta were made quiescent by incubation in serumfree DMEM containing 0.1% bovine serum albumin (BSA), 100 units/ml penicillin, and 100 /xg/ml streptomycin. Quiescent cells were loaded with fura-2 by incubating cells grown on 25 -mm coverslips with 1 ml DMEM/BSA containing 10 yM fura 2-AM for 45-60 Time(sec) FIGURE 
Representative line graph shows differences in the time course of cytosolic free calcium concentration ([Ca 2 *],) increases in vascular smooth muscle cells from Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR) in response to angiotensin II (ANGII) and platelet-derived growth factor (PDGF) BB homodimer. ANGII produced a very rapid rise in [Ca 2+ ]i without a significant lag period, whereas PDGF-mediated increases showed a 1-2-minute lag period and then gradually increased to peak levels in 2-4 minutes.
minutes at 37°C. After washing once with DMEM/ BSA, cells were reincubated in 1 ml DMEM/BSA for 30-45 minutes at 37°C to allow complete hydrolysis of fura 2-AM to fura-2-free acid inside the cell. Complete hydrolysis of fura 2-AM to fura-2 was ascertained by measuring the spectral change of the fura-2-loaded cells. [Ca \ was measured at 37°C in HEPES-buffered Eagle's salt solution containing 10 mM sodium bicarbonate. The time course of increases in [Ca 2+ ]i was determined by acquiring 340/ 380 image pairs at predetermined intervals for 5 minutes after the addition of agonists. Dye bleaching was minimized (less than 10%) by the use of neutral density filters. [Ca 2+ ]j values reported here are the average of whole-cell [Ca 2+ ]j. From each coverslip, one to three cells could be simultaneously analyzed to estimate [Ca 2+ ],.
Statistical Analysis
Results are expressed as mean±SEM. Comparisons between WKY rats and SHRs were made by analysis of variance as well as unpaired t test analysis. Log transformation of data also was used to stabilize variability among the treatment groups. Significance was assumed at a value of /?<0.05. ]i in response to Ang II and PDGF are summarized in Figure 2 . The data were analyzed after log transformation using analysis of variance. (Figure 3) .
Results
ANGII PDGF
In the presence of 1.8 mM calcium in the bathing medium, 10 ng/ml PDGF produced a significantly greater (p<0.05) increase in [Ca 2+ ]i in SHR VSM cells compared with WKY cells (Figure 3 ). PDGF increased [Ca 2+ ]j in all cells examined in WKY rats and SHRs. The effect of addition of 100 /xM verapamil or substitution of 1.8 mM calcium with 2 mM EGTA in the bathing medium was investigated by two-way analysis of variance after log transformation of the data. Addition of 100 fiM verapamil or substitution of 1.8 mM calcium with 2 mM EGTA in the bathing medium significantly reduced (p<0.05) the net increase in [Ca 2+ ]j in VSM cells in response to PDGF (Figure 3) . Moreover, the significant differences in [Ca 2+ ]j between SHR and WKY cells in response to PDGF were abolished in the presence of verapamil or EGTA (Figure 3 ). These data would suggest that the PDGF-mediated increase in [Ca 2+ ]; in VSM cells is primarily from extracellular sources. In contrast, addition of verapamil or EGTA to the (Figures 3  and 4) . These results would support previously published physiological, pharmacological, and clinical studies that have suggested that increased [Ca 2+ ]j is due to a defect in cell membrane function in SHR VSM cells. ]; in a small (<2 ^.m) region of the cell 2 ^m away from the nucleus, as well as the observations of Sada et al, 11 who have simultaneously measured [Ca 2+ ]j and contraction in fura-2-loaded aortic strips of WKY rats and SHRs. Similarly, Jelicks and Gupta, 12 using 5F BAPTA and nuclear magnetic resonance spectroscopy, have reported significantly higher [Ca 2+ ], in the aortic rings of SHRs compared with those from WKY rats.
FIGURE 4. Bar graph shows angiotensin II (ANGII) -stimulated cytosolic free calcium concentration ([Ca 2+ ]J in vascular smooth muscle ceils from Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR). Basal [Ca 2+ ], values represent all cells used for stimulation with ANGII and platelet-derived growth factor BB in normal physiological
Differences in basal [Ca 2+ ]i between WKY and SHR cells were abolished by a 5-minute pretreatment of cells with 100 nM verapamil or 2 mM EGTA. These results would suggest that Ca 2+ influx through potential operated calcium channels is increased in aortic VSM cells of SHRs compared with those from WKY rats under resting conditions. Similar conclusions have been made by Sada ], in VSM cells by two distinct mechanisms. These conclusions are derived from 1) the differences in the time course of increase in [Ca 2+ ]j in fura-2-loaded cells in response to agonists, 24 ' 25 2) the differences in the time course of inositol phosphate production in response to PDGF and Ang II, 25 3) the differences in the sensitivity of PDGF-and Ang II-mediated increases in [Ca 2+ ]j to inhibition by phorbol 12-myristate 13-acetate and pertussis toxin treatments, 24 ' 25 and 4) the differences in the dependence on extracellular calcium for the PDGF-and Ang II-stimulated increases in [Ca 2+ ] i . 25 Results presented in this article support and extend these findings at the single cell level. We have observed that the time course of increase in [Ca 2+ ]j with Ang II is very rapid and is consistent with inositol trisphosphate-mediated calcium release from intracellular stores. 4 On the other hand, the time course of increases in [Ca 2+ ]j in response to PDGF is slow and is preceded by a 40-60-second lag period suggestive of Ca 2+ influx from the extracellular sources (Figure 1) ]i on PDGF stimulation appears to be primarily due to calcium influx, whereas Ang II-stimulated increase is primarily due to Ca 2+ release from intracellular pools. These observations suggest that cell usage of both of these pools is increased in SHR VSM cells, resulting in greater Ca 2+ signaling and consequently leading to altered function as well as remodeling of the vessel wall in the hypertensive state.
